A B S T R A C T Renal proximal tubular transport of salt and water has been examined using isolated perfused rabbit tubules. In this method direct measurements can be made under controlled conditions not readily achieved in vivo. The results are in general agreement with previous micropuncture studies in other species, supporting the validity of both sets of measurements.
A B S T R A C T Renal proximal tubular transport of salt and water has been examined using isolated perfused rabbit tubules. In this method direct measurements can be made under controlled conditions not readily achieved in vivo. The results are in general agreement with previous micropuncture studies in other species, supporting the validity of both sets of measurements.
In the present studies, absorption of sodium salts and water occurred without change in the concentration of Na in the lumen except when a poorly reabsorbed solute (raffinose) was present, in which case, mean concentration of Na in the lumen reached a steady-state value 33-35 mEq liter-' less than in the bath. The tubule is very permeable to sodium salts (sodium permeability = 9.3 X 10-5 cm sec-', aNaCl = 0.68-(0.71) and to water (hydraulic conductivity [Lp] = 2.9 to 6.3 X 10-5 cm sec-' atm-1). Net reabsorptive flux of Na was only 20% of the unidirectional Na flux.
The steady-state concentration difference for Na in the presence of raffinose and 0NaC1 in the present studies was the same as previously found by micropuncture in the rat. On the other hand Na permeability, net Na transport rate, and Lp were all from one-half to onethird as great in the isolated rabbit tubule as in the rat in vivo. Apparently, although the transport mechanisms appear to be basically the same in the two species, there are fewer transport units and passive permeability paths per unit length in the rabbit tubule than in the INTRODUCTION Walker, Bott, Oliver, and MacDowell (1) were the first to report that the glomerular filtrate is reduced in volume in the proximal convoluted tubule of rat and Dr. Kokko's present address is the Department of Medicine, Southwestern Medical School, University of Texas, Dallas, Texas 75235.
Received for publication 11 June 1970. guinea pig without a change in the osmolality of the tubule fluid. Their micropuncture results have been repeatedly confirmed and extended to other species (2) . In addition it has been established that the con--centration of Na in tubule fluid remains equal to that of plasma during the reabsorptive process unless osmotic flow is restricted by inclusion of a poorly absorbed solute in the luminal fluid (2) .
The present experiments were designed to re-examine the reabsorptive mechanism for Na and water in the isolated perfused rabbit proximal convoluted tubule. The system employed permits direct estimates, under controlled conditions not readily achieved in the in vivo preparation, of a number of phenomenological coefficients necessary for characterization of the tubule epithelium. It has been possible to measure the passive permeability of the epithelium to Na, the rate of active Na transport, the hydraulic conductivity of the epithelium to water, and the reflection coefficient for NaCl. The results are in large part similar to those obtained in vivo and have been interpreted within the framework of current views of the mechanims of fluid reabsorption by the proximal tubule of the mammal.
METHODS
Rabbit proximal convoluted tubules were dissected and perfused in vitro using a modification of a method previously described (3, 4) , as summarized below.
New Zealand white female rabbits were injected intravenously with 10 cc of 15%o solution of mannitoll and were killed by decapitation 10 min later. A piece of the right kidney was removed and placed in chilled rabbit serum for dissection.
A superficial proximal convoluted tubule was dissected free and transferred to a separate dish where it was perfused while 1 The purpose of mannitol was to slow collapse of the tubule thus facilitating subsequent perfusion. It was later found that perfusion could be successfully initiated even in fully collapsed tubules. Consequently the use of mannitol was discontinued midway through the experiments without any apparent change in the results. The fluid in the collecting pipet holding the tubule was covered with mineral oil to prevent evaporation. In addition when the Na+ permeability of the tubule was measured, the tubule was sealed into the collecting pipet with Sylgard 184 (5) . This was done to avoid any isotopic exchange of Na in collected fluid with that in the bath by diffusion through a potential space between the outer surface of the tubule and the inner surface of the pipet. The collected fluid was removed at timed intervals, and its volume was measured in a calibrated glass capillary.
In order to permit calculation of net fluid transport either albumin 1251 or 1311 was added to the perfusate, and the concentration of isotope was measured in both the perfusate and the collected fluid. In studies designed to determine the Na concentration of the collected fluid and the permeability of the tubule to Na, "2Na was added to the perfusate and IANa 
current studies since little Na (relative to that in lumen and bath) is present in tubule cells, and in addition cellular exchange is so rapid (6) that intracellular Na is completely labeled by the time the experimental collections are begun (i.e. more than 5 min after placement of the tubule in the radioactive solutions). The radioactivity of each isotope was determined in a three-channel well scintillation counter (Packard 3003). 24Na was counted immediately at the completion of the study and again 14 days later at which time it had decayed. 22Na and 1251 were determined only on the 14 day sample. The osmolality of the collected perfusion fluids was measured using the method of Ramsay and Brown (7 
In the experiments in which these calculations were used ( Results are expressed as mean ASEM (number of tubules studied). The data for each tubule are the mean of the results of two or three collection periods under a given set of conditions.
RESULTS
An approximation of the conditions which exist in vivo was obtained by bathing the proximal tubule in rabbit serum and perfusing it with an ultrafiltrate of the same serum. Net fluid absorption was measured under these circumstances in two sets of studies. In the first (five experiments were done) (Table I, upper set) 1.24 ±0.30 nl mm-' tubule length min1 (3.41 X 10-5 cm3 cm-2 luminal area sec-) was absorbed, and in the second group (Table II) 1.59 nl mm-' min'. These results are in reasonable agreement with those published previously from this laboratory (4) . In addition, as in rat (1), dog (9) , and monkey (10) in vivo, Na is reabsorbed isotonically, i.e. without a change in the concentration of [Na] in the luminal fluid. As can be seen in Table I (upper set), the concentration of Na in collected fluid was 145 mmoles liter-1, that in the ultrafiltrate per- fused 146 mmoles liter-'. The mean net flux of Na in the same studies (five experiments) was 4.46 X 10-9 ±0.47 Eq cm-2 sec-1. Reabsorption of NaCl without its complement of water occurs in vivo when a poorly absorbable solute such as mannitol is added in isosmotic proportions to the proximal fluid (11) . The osmotically active solute restricts the efflux of water which in the absence of mannitol, for example, is coupled osmotically with net NaCl absorption. Continuing net NaCl absorption results in a fall in the concentration of Na in the luminal fluid until a limiting gradient across the cell is reached, at which time net movement of both water and Na virtually ceases. In the rat limiting or steady-state concentration of Na in the lumen has been found to be 35 mEq liter-1 less than that in plasma (12, 13) .
The steady-state concentration difference for Na across the isolated perfused rabbit proximal tubule was determined in a series of studies in which the tubules were perfused at slow rates (1-5 nl min-1) with isosmotic solutions composed of an ultrafiltrate of serum mixed in varying proportions with an isosmolar raffinose solution. The results are illustrated in Fig. 1 . It is apparent that despite differences in the initial Na concentration of the perfusate which varied between 14 and 62 mEq liter-' less than in the bath, the mean concentration of Na in the collected perfusion fluid was 33 mEq literless than in the bath. It is reasonable to conclude that the latter figure represents the mean limiting or steadystate concentration difference since in eight of nine tubules in which the initial concentration difference of Na was less than 33 mEq liter-' it increased, and in four of five in which the initial difference was greater it decreased. In another series of studies performed at more rapid perfusion rates (Table I , middle set) the Na concentration of the perfusate was 31 mEq liter-l less than that of the bath, and the mean difference between collected tubule fluid and bath was 35 mEq liter-'.
Net Na flux (MNa), unidirectional Na flux from lumen to bath (MNa.Jb) and the permeability of Na of the tubule from bath to lumen (PNabb1) were measured under the following three sets of experimental conditions: (a) during perfusion of tubules bathed in rabbit serum with an ultrafiltrate of serum, the condition which most closely resembles the in vivo physiologic state; (b) during perfusion with an isosmolal mixture of raffinose and ultrafiltrate of serum of tubules bathed in serum (the Na concentration difference between the perfusion solution and the bath approximated the steady-state concentration difference obtained in the studies described above [ Fig. 2]) ; and (c) during perfusion with a Na-free raffinose solution (isosmotic to normal serum) of tubules bathed in rabbit serum to which sufficient NaCl was added to minimize osmotic flow of water into the lumen (v.i.). Under these circumstances Na which enters the lumen from the bath must be accompanied by anion, presumably chloride so that the permeability measured is that of the tubule to the Na salt (principally NaCl), rather than to Na alone. Any contribution of either exchange diffusion or forced exchange of Na with another cation is excluded. In the first series of studies (Table I, cm-2 sec'l). The mean permeability of the tubule to Na from bath to lumen was 10.2 X 10-5 cm secl.
The second set of studies (Table I , middle set) was designed to measure the unidirectional Na flux from lumen to bath (MNalb) and the permeability to Na from bath to lumen (PNab-1) in the steady state, i.e. in the absence of net Na and H2o movement, in order to minimize the effect of solute and water interactions on the fluxes. Although on the average this state was approached, significant net fluxes occurred in individual studies. It is uncertain whether this represents functional variation between tubules or is a reflection of the difficulty of measuring with precision net water flux at high rates of perfusion.2 The mean Na permeability from bath to lumen was 9.3 X 10-5 cm sec1 which is not significantly different from the result obtained in the experiments in which the perfusate was ultrafiltrate alone.
In the third series of experiments (Table I, lower set) net flux of water into the 312 milliosmolal raffinose perfusion solution was virtually eliminated (on the average) by increasing the osmolality of serum in the bath to 439 mOsm by the addition of NaCl. Under these conditions the mean Na permeability from bath to lumen (which must equal the permeability to NaCl, v.s.) was 7.0 X 10-5 cm secl. This result cannot be interpreted with certainty without knowledge of the electrical potential difference. The relatively small difference in the Na permeability with and without Na salts in the lumen however is consistent with lack of important interaction between the Na fluxes in the two directions such as would occur were exchange diffusion or single file diffusion a major mechanism for Na permeation in the tubule. Baumann, Fr6mter, and Ullrich (14) obtained a different result (when comparing Na to NaCl flux) in rat proximal convoluted tubules perfused in vivo. The permeability measured from the appearance of Na in raffinose solution perfused through the tubule lumen (36-89 X 10-5 cm sec') was greater than the isotonic Na permeability (25 X 10-5 cm sec1) measured with NaCl in the lumen rather than less, as in the present studies. The reason for this difference is unclear at present.
Certain solutes fail to exert the full osmotic effect predicted from the van't Hoff relationship (7r = nRTAC, where r = osmotic pressure and n, R, T have their usual meanings, and AC = difference in concentration 2 With a flow rate of 20 nl min-' (333 X 10^cm3 sec-1) through a tubule 1 mm long a 5% error in the concentration of albumin results in difference of 1 nl mm-' min-(2.66 cm sec' X 10-6) in the estimation of net fluid flux across the membrane) on water flow across artificial and biological membranes. Staverman (15) correctly interpreted this to indicate penetration of the solute through the membrane and defined the fractional deviation from the van't Hoff pressure, oa, or reflection coefficient, as the ratio of the experimentally observed 7r to the calculated 7r. Subsequently the importance of the reflection coefficient for defining the properties of biological membranes has been emphasized (16) . At least two experimental techniques, the "zero flow" and "equal concentration" methods, have been devised to measure ar (17) . In both the effect of a test solute is compared with that of an impermeant reference solute. In the zero flow method the test solute is placed on one side of the membrane and the reference solute on the other. The ratio of the solute concentration (reference/ test) at which zero net flow occurs is equal to a-. In the equal concentration method the increment in osmotic flow induced by equal concentrations of test and reference solutes across a membrane are compared. The reflection coefficient is the ratio of the increment in flow induced by the test solute to that induced by the reference solute. Precision in the determination of a-is limited in consequence of movement of the test solute or water across the membrane which thereby alters the osmotic gradient. Modifications of both methods have been used in the present studies to determine the reflection coefficient of the rabbit proximal tubule for NaCl (-NaCl). The data are illustrated in Table II and Fig. 2 .
The concentration of NaCl in the bath necessary to counterbalance the osmotic effect of 300 mOsm raffinose in the perfusion solution (zero flow method) was determined as follows. The tubule was first bathed in normal serum and perfused with a raffinose solution.
As can be seen in Table II , a mean of 2.89 nl mm-' min' of fluid moved into the tubule lumen. Following this, NaCl was added to the bathing solution to achieve a final osmolality approximately 178 mOsm greater than that of the perfusate. Under these circumstances the direction of flow reversed; the mean absorption from the lumen was 0.90 nl mm-l min'. The sequence of the procedure was reversed in some studies, and the individual data are illustrated in Fig. 2 . The osmolality of the bath (or the concentration of NaCl) at which no net flow occurred was determined by extrapolation, and OaNaCl was calculated as above. The mean reflection coefficient was 0.68 :10.06 (6) .
The reflection coefficient of 0.68 is an imprecise estimate for two reasons. In the first place, NaCl entered the lumen in the course of the study, thereby reducing the concentration gradient below that used in the calculation. The mean concentration of Na in the collected fluid was 26 and 40 mEq liter-' when the tubule was bathed in isosmotic and hyperosmotic sera, respectively. Were this taken into account the a-would be approximately 10% higher. In addition flow across biological membranes is not necessarily a linear function of the osmotic gradient, so that the linear extrapolation used in Fig. 2 may be in error. The error so introduced is probably of negligible significance since net flow approximated zero when the bath was hypertonic.
Bauman, Fr6mter, and Ullrich (14) estimated GNaCl of the rat proximal convoluted tubule in vivo by determining the concentration of raffinose in the perfusate necessary to eliminate net water flow, and they obtained the same result (0.69) as did we.
The reflection coefficient was also determined in a second set of studies in which a modification of the equal concentration method was used. The data are presented in Table II . In these experiments in order to minimize changes in the NaCl concentration of the perfusate short segments of tubules (1.2 mm mean length) were perfused rapidly (25 nl min') with an ultrafiltrate of rabbit serum and the absorptive rate measured. The increment in net absorption induced by the addition of 120 mOsm of NaCl to the bathing serum was compared with that induced by 118 mOsm of raffinose and UN.CI calculated as discussed above. In each of the six studies two measurements of absorption with normal serum in the bath were made at the beginning and end of the experiment. Since there were no significant differences observed between the early and late periods, the data from the four periods were pooled to calculate the mean rate of fluid absorption (Jv) without an osmotic gradient. The mean of three periods each with either raffinose or NaCl added to the bath was used to calculate the respective increments in absorptive rate (osmotic flows). The order of additions was varied appropriately. Using this procedure the mean reflection coefficient was 0.71 40.06 (6) . This value is also subject to errors introduced by alteration in the composition of the perfusate which cannot be avoided. In this regard it is of some interest that we observed as did Ullrich, Rumrich, and Fuchs in the rat (18) that the osmolality of the collected raffinose solution (mean 335 mOsm) rises above that of bathing serum (mean 306 mOsm) despite net flow of fluid into the tubule lumen. Apparently the permeability of the proximal tubule to Na is so great that relatively more Na salts enter the lumen by diffusion and perhaps by solvent drag than does water by osmosis.
The hydraulic conductivity (Lp) of the tubule to water was also estimated from the results of the studies in Table II . The estimated values and the experimental conditions are listed in Table III . Since these are the same data as were used to determine 0fNaC1, the calculated values of Lp are subject to the same uncertainties as are those for 0fNaC1 and must be regarded as approximations. (Table III) In the third set of the studies (Tables II and III) water was added to the serum in the bathing solution to lower the osmolality 55 mOsm below that of the ultrafiltrate in the lumen. Net flow into the bath diminished and in some studies reversed. AjV RTa-NaCIAC where AC = -55 mOsm. The mean value of Lp = 6.3 X 10-5 cm sect1 atm-1.
The hydraulic conductivity of the rat proximal convoluted tubule in vivo was found to be 17 X 10-5 cm sect1 atm-1 (14) .
It is noteworthy that Lp was highest in the current studies when the osmolality of the bathing solution was lowest, and lowest when the osmolality was highest. This result is analogous to that observed in the rat proximal tubule (14) and in other tissues (19) .
DISCUSSION
The results of the present studies are in many respects similar to those previously obtained in in vivo micropuncture studies in other species. This of itself is gratifying and indicative of the utility of the in vitro preparation. The isolated perfused proximal convoluted tubule of the rabbit is highly permeable to NaCl and water and actively transports an isosmotic solution out of the lumen. As in the nephron in vivo no change in the concentration of Na occurs during reabsorption unless a relatively nonabsorbable solute such as raffinose is present in the perfusate. In the latter case the concentration of Na declines and reaches a minimum steady-state value 30-35 mEq liter-l less than in the bath.
This steady-state concentration difference, virtually identical with that reported in rat (12, 13) , is achieved when the rate of active efflux of Na from the lumen is equal to the rate of net passive backflux from the bath to the lumen. In the present studies net backflux of Na at the steady-state minimum luminal concentration was determined from the relationship MNab-1 = PNabl XACNa, where MNab,1 is net backflux of Na, PNab~l the isotopic Na permeability from bath to lumen, and ACNa the steady-state concentration difference between bath and lumen (33 mEq liter-'). Then, MNab~l =3.13 X 10-9 moles cm-2 sec-1.
This value, assumed to be equal to the rate of active transport of Na in the steady state with raffinose in the perfusate may be compared with the net flux of sodium out of tubules bathed in rabbit serum and perfused with an ultrafiltrate of the same serum. The net flux, equal to the rate of active Na transport out of the tubule under these circumstances, was 4.46 X 109 moles cm-2 sec-1 or approximately 40% higher than with raffinose added to the perfusate. Ullrich (20) , on the basis of similar calculations, reported that active transport of Na with raffinose added to the perfusate (ACNa = 35 mEq liter-') was 9.8 X 10-9 moles cm-2 sec-1 and was 9.0 X 10-9 moles cm-2 sec'l in the absence of a concentration difference for Na. He concluded that the Na transport mechanism was saturated under both circumstances (13) . Although our results are at variance with his and if accepted at face value would lead to the opposite conclusion, we are not convinced of the validity of the calculations. The rate of active transport with poorly absorbable solute in the lumen is probably an underestimate for two reasons. In the first place the calculation is dependent upon the assumption that there is no electrical driving force (transtubular PD) in the steady state which may not be correct. Were there a negative PD as there is in the rabbit proximal tubule during isosmotic net transport (mean of -3.8, mv lumen negative, with rabbit serum in the bath and ultrafiltrate in the perfusion fluid [21] ), net passive flux into the tubule would be greater than that calculated above. Secondly, net NaCl absorption, albeit at a markedly reduced rate, occurs in the rat in the steady state with raffinose (22) and were this the case in the rabbit as it appears to be (Table I , middle), the calculated rate of active Na transport would again be an underestimate.
In any event, it is of interest that the rat proximal tubule actively transports Na two to three times as rapidly as does that of the rabbit and also is two to three times as permeable to Na. Since the steady-state concentration difference for Na depends on the ratio of active transport to passive permeability, the equality of this ratio in the two species readily accounts for the virtual identity of the Na concentration differences in the presence of raffinose in rat and rabbit. On the basis of these observations, it is suggested that the transport mechanisms may be basically the same in rat and rabbit but that the tubule of the former species contains more transport units and passive permeability paths per unit length than does that of the rabbit. Consistent with this view is the observation that the reflection coefficient for Na, which like the steady-state concentration difference is independent of area, is the same in rat and rabbit, whereas the Lp and Na permeability which are functions of surface area are greater in the rat.
